


Geosciences 2017, 7, 47 11 of 19

We made ultrasonic measurements every 10 deg around the circumference of the 2MBIA09-13
core (Figure 11). For reference, the data in Figures 8 and 9 were recorded along the 30 deg angle.
Three noisy waveforms are muted (i.e., set to zero amplitude for all time). These bad data occur due
to poor tape coupling or the presence of a bubble right at the surface of the core. The P-wave travel
time differences are small in this section of core. Therefore, we instead analyze the Rayleigh surface
wave that travels a longer path around the core surface and at a slower velocity because this wave
experiences larger time differences in the presence of velocity variations.
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Figure 11. Left: Rotational scan of core 2MBIA(09-13. We mute three bad traces due to poor coupling

between the tape and the ice surface. Right: The characteristic travel time anisotropy due to dipping

layers. The red curve is the best fit to the observed Rayleigh wave velocity anisotropy.

A zoom around the Rayleigh wave is shown in Figure 11. For materials with anisotropy, we expect
the velocity to vary as sin(260), meaning that there are two fast directions (actually opposite directions)
and two slow directions around the core. We picked the maximum amplitude of the Rayleigh wave at
each angle and then fit the sin(26) function to the data using least-squares. The red curve in Figure 11
shows the curve predicted by the best fit model. We see two slow directions at 180 and 360 degrees
and two fast directions around 90 and 270 degrees.

4. Discussion

There is a wealth of knowledge in the seismology community regarding layered media and tilted
layered media. A model with horizontal homogeneous layers is known as a vertical transversely
isotropic (VTI) medium and a model with tilted homogeneous layers is known as tilted transversely
isotropic (TTI) (e.g., [49]). These models have a vertical symmetry axis or a tilted symmetry axis,
respectively, and observations of wave velocity from multiple azimuths and dips can be used to
estimate the symmetry axis orientation. Another stratigraphic complication typically found in deep
ice is folding. Ice deformation near the bed of ice sheets and glaciers can be very complicated, leading
eventually to overturning of the stratigraphic column (e.g., [50] and references therein). In this case, the
proposed ultrasonic method will suffer the same fate as other stratigraphic estimation methods. It will
likely be difficult to determine where ice has become overturned from the single point measurements
of cores. However, in the future we can combine rotational and along axis scans to characterize the
entire 3D structure of stratigraphic layers in the core, but for now the analysis stops at the observation
of anisotropy in the core, which we suspect is due to the dipping layers.

After the experiments were performed on these two cores, careful visual inspection revealed
no damage was caused by the acquisition process, in either geometry (i.e., rotational or axial scans).
Moreover, the waveforms repeatedly recorded at a single position in space did not change through
time as more wavefield measurements were made (Figure 2). Therefore, this laser-based method can
be used to observe ultrasonic wave propagation in standard 1 m ice-core sections in a non-destructive
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and non-invasive fashion at (sub)millimeter resolution. This type of approach allows further chemical
and other analyses to be performed without contamination. There are also numerous advantages
to this non-contacting ultrasound acquisition system over conventional systems that use contacting
piezo-electric transducers. Attaching transducers to the ice core is time consuming and prone to
coupling variations. One can also damage the ice core during transducer removal. As we have
demonstrated here (Figure 6), we can still have coupling problems because we use reflective tape, but
this laser-base method enables much higher spatial sampling of the ultrasonic wavefield compared to
traditional transducers and requires less acquisition time.

Another important factor of this non-contacting system to consider is that as the ultrasound
wavelength decreases (or frequency increases) relative to the size of heterogeneity, scattering from
the micro-structure becomes important and the transducers themselves begin to act as scatterers,
disturbing the measured wave fields. Moreover, the transducers can introduce mechanical ringing
into the measured wavefields and lead to mis-interpretations of arrivals. The laser-based system
eliminates these problems completely, and while we have only analyzed the direct P (ITASE core)
and Rayleigh waves (MBIAQ9) in this study, analysis of scattered waves will also provide interesting
information about the elastic structure of the ice cores in the future. Lastly, we wish to discuss in detail
why we think future observations of ice core ultrasound velocity variations will be useful for ice core
stratigraphy and mechanics analysis.

4.1. Elastic Moduli and Ultrasonic Velocities

Up to now elastic moduli have not been used to infer seasonal layering in ice and firn cores.
However, we think these physical parameters are worthy of further investigation. While we can not
directly sample the elastic moduli with the laser ultrasound system, we can measure the velocity
of various elastic wave types that propagate in solid materials at ultrasonic frequencies. For an
isotropic medium, two elastic constants and the density define the elastic wave propagation velocities.
The compression- or P-wave has a longitudinal particle motion, and the velocity (v,) is related to the

elastic moduli as v, = /(K + % 1)/ p, where p is the density, K is the bulk modulus and y is the shear
modulus. The shear- or S-wave has a transverse particle motion, and the velocity (v;) is related to the
elastic moduli as vs = /u/p. P- and S-waves are both body waves, meaning they travel through the
solid material.

Surface waves also exist in solids with boundaries. A Rayleigh wave is a surface wave composed
of a combination of longitudinal and transverse particle motions [51]. Because surface-wave geometric
spreading happens over a surface—rather than over a volume as for body waves—Rayleigh waves are
often high-amplitude features in the observed wavefield. By solving the boundary conditions for an
elastic wave trapped at a surface, the Rayleigh wave velocity, vg, can be related to vs and v;, such that
the following condition is satisfied [51]:

2\ 2 2 2
v (% (Y

( —1;) +4y) B -1 /R -1=0, )
Us Us p

with the requirement that 0 < vg < v,. This relation eliminates the need to measure vg, vs and vs
independently. If two wave velocities are measured, the real roots of Equation (2) yield the velocity
of the third wave type [52]. If the density of the ice is known, then measurements of P- and S- or
Rayleigh-wave velocities can be used to infer the shear and bulk moduli.

An isotropic medium can also be represented by Young’s modulus E and Poisson’s ratio v
(e.g., [52]). Young’s modulus relates the magnitude of strain in the direction of an applied stress, while
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Poisson’s ratio relates the strain in directions orthogonal to the stress (e.g., [51]). We can estimate E
and v from the propagation velocities of P and S waves and the density:

% _ g %
2 vs v
E=vp | =3 +2|, v=5|= . 3
v X%
- - - -
Us Ys

In this article, we present observations of variations in P-wave velocity across a firn core as
measured by this novel non-contacting laser ultrasound system. We also present observations of P, PP,
S, and Rayleigh waves in both firn and ice cores, but we leave elastic moduli estimation and correlation
to physical ice properties (e.g., bubble or impurity concentration) for future study. However, we can
speculate as to why we think that elastic moduli will be useful estimators of seasonal layering in ice
and firn cores.

4.2. Elastic Moduli and Density Variations

Benson [53] found that stratification of snow results from variations in the conditions of deposition
and subsequent metamorphism. For example, Freitag et al. [44] observed thin high-density layers in
an Antarctic firn core related to wind crusts. Summer layers can also show evidence of surface melt
and can be coarser-grained with generally lower density and hardness values than winter layers [53].
Alley et al. [54] and Alley et al. [17] confirmed that summertime solar heating of near surface snow in
central Greenland causes mass loss and grain growth, while the underlying snow remains undisturbed
and retains its fine grain structure. Moreover, the onset of the fall season is usually identified by an
abrupt increase in density and hardness accompanied by a decrease in grain size [53]. This stratigraphic
discontinuity in density should have an impact on elastic velocities and has previously been used as
the annual reference plane [53], a key parameter when creating ice core depth-age relationships.

Gerland et ak. [55] combined ECM and water isotope data in a detailed study of density at Berkner
Island, Antarctica, and found that the density of firn, even over seasons, can be quite heterogeneous
above the firn-ice transition. However, prior to discussing the density variations with depth observed
by Gerland et al. [55], it is worth summarizing the process of how snow turns into ice in the upper
layer of ice sheets as described by Cuffey and Paterson [56]. When there is no surface melt this process
can be divided into four sections. In the first section, settling is the dominant densification process until
a density of 0.55 g/cm?. In the second section, recrystallization and deformation control densification
until a density of 0.73 g/cm?. In the third section, densification is dominated by creep until a density
of 0.83 g/cm?3. At this point the air spaces between grains close and bubbles form. This defines the
firn-ice transition and beginning of the fourth section. Below this, the ice can reach a maximum density
of ~0.91 gm/cm?.

In what Gerland et al. [55] defined as sections one and two in the Berkner core, they observed
densification rates of 0.017 gm/cm?®/m and 0.006-0.0080 gm/cm?®/m respectively. The rate then
decreased through sections three and four before ceasing around 100 m depth. In sections one and
three, Gerland et al. [55] observed large seasonal variations in the ice density, up to 0.05 gm/cm?.
However, the more interesting observation was a change in the sense of density between winter and
summer layers. While numerous studies have observed lower density summer firn layers compared
to winter layers in Greenland (e.g., [57]) and Antarctica, Gerland et al. [55] found that at a depth of
~30 m, the summer layers became more dense than winter layers. This could lead to misinterpretation
of ultrasonic data, but it is worth noting, however, that the winter and summer layers still alternated
between low and high density on a seasonal basis. It is also still unknown how the elastic moduli
should vary with depth.

As is apparent in the equations for P- and S-wave velocity, density is a key parameter when considering
elastic wave velocities in an ice core. Density can be measured by gamma-absorption [55,58] or by X-ray
computer tomography (X-CT [44]). As others have also reported (e.g., [43]), Freitag et al. [44] observed
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a correlation between density and calcium ion concentration. They went on to suggest that the
relationship between this particular impurity and density is a universal feature of polar firn and that
the calcium ion concentration can serve as a proxy to describe quantitatively the effect of the impurities
on densification. In sections of core that have not undergone strain, such that no crystal fabrics have
developed, we expect that variations in elastic wave speeds should be sensitive to variations in density,
shear strength, and perhaps even impurities.

In regard to shear strength in firn, summertime solar heating can warm the snow surface on ice
sheets and glaciers. Due to the colder snow and firn beneath, a vertical temperature gradient is created
in the near surface snow [17,54]. In the fall season, early snowfall insulates the warmer summer surface,
and combined with the cold fall air temperatures, causes another large vertical temperature gradient
in the opposite direction (e.g., [59]). Both of these vertical temperature gradients cause vapor pressure
gradients, which drive temperature gradient metamorphism in the near surface snow, resulting in
faceted snow grains (e.g., [60]). The underlying snow however remains undisturbed and retains its
fine grain texture.

In a NorthGRIP case study conducted on a 1.2 m long core from 301 m depth, Svensson et al. [43]
observed that each year there was strong seasonal variability in crystal areas (>30%) and that ice
deposited during spring had smaller than average (6.7 mm?) crystals. The crystal areas were also
compared to chemical impurity concentrations and found to correlate the best with Ca?*. At this
depth, Svensson et al. [43] did not observe any variation in the c-axis orientation of crystals, known
to cause elastic-wave velocity anisotropy when aligned in a fabric (e.g., [61]). We speculate that
these grain-size differences might also cause variations in the structural and mechanical properties
(e.g., elastic moduli). Moreover, these faceted layers can be weak in shear (e.g., [60]), but because of the
preferred vertical grain growth due to the vertical vapor pressure gradients, this facet layer is strong in
compression, and therefore persist during burial. Finally, Gammon et al. [62] find that the variation
in the elastic properties of isotropic polycrystalline ice in the temperature range between —50 °C
and near the melting point should lie below 10%, indicating only a small temperature dependence.
Gammon et al. [62] also suggest that the elastic properties may vary considerably with the impurity
content of ice. Therefore, the ultrasonic wavefield may be sensitive not only to density and elastic
moduli, but also impurity concentration and to a small degree temperature. Within each seasonal cycle,
we expect to observe slow and fast regions in terms of ultrasonic velocities related to the variations in
crystal size, orientation, bubble size and density, and impurity concentrations. It is possible that this
method will be sensitive to a number of ice properties and requires further detailed investigation to
fully understand how the ultrasonic wavefield interacts with these different properties.

4.3. Velocity Anisotropy and Preferred Crystal Orientation Fabrics

As snow is compacted and layers thin due to ice flow (e.g., [13]), annual stratigraphy becomes
difficult to identify and ice crystal fabrics develop. Ice crystal fabrics have been characterized at the
large scale using seismic, sonic, and ultrasonic experiments (e.g., [61,63-68]). This fabric is due to the
alignment of the ice crystal c-axes over time and leads to structural anisotropy in the elastic moduli
and wave velocities. Early on Kohnen and Gow [69] observed ultrasonic velocity variations up to
140 m/s in deep ice from Byrd Station and correlated this velocity anisotropy to c-axis alignment in
the crystal fabric. Later Gow et al. [48] identified similar velocity anisotropy due to the c-axis fabric.
They used ultrasound to measure velocity along both parallel and orthogonal directions to the core
axis every 10 m from the surface down to ~3000 m depth in the GISP2 core.

An interesting feature of deep ice is cloudy bands. Gow and Williamson [65] reported the existence
and basic properties of cloudy bands and observed that the fine-grained structure and high anisotropy
of such bands enable localized zones of intense shearing, which may contribute significantly to the flow
of the ice sheet. Such extensive shearing along discrete strata situated well above bedrock could cause
differential layer thinning and seriously distort the stratigraphy, making the dating and interpretation
of climate records extremely complicate [50]. Of note is that in glacial ice, Bendel et al. [70] determined
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that these cloudy bands have high bubble density and small bubble size and are linked to layers
with high impurity content. Bendel et al. [70] also attribute impurities as a controlling factor on
the formation and distribution of bubbles in glacial ice. It is currently unknown if the ultrasonic
wavefield is sensitive to such properties as bubble size and density. According to Faria et al. [50],
cloudy bands continue to challenge our understanding of ice mechanics and microstructure, even
with novel methods of observation and modeling casting new light on this issue [18,19,71-73]. It is,
therefore, timely that this laser-based ultrasound method is developed as another tool to aid the
mechanical study of ice core structure.

While seismic, sonic, and ultrasonic experiments have proven successful for determining preferred
ice fabrics due to strain history, they did not use ultrasound as a high-resolution tool to identify seasonal
or annual layer structure. We mention these studies of orientation fabric only for completeness,
and we stop the discussion of crystal fabrics and velocity here. However, we note that the novel
laser-ultrasound method presented here probes the core with mm-scale resolution rather than m-scale
resolution, thus sensing variations in the elastic velocity of the ice at finer spatial scales than previous
ultrasound studies.

4.4. Anelasticity

Vaughan et al. [74] used resonant ultrasound spectroscopy to make quantitative estimates of elastic
and anelastic properties of ice. These properties aid calibration of active and passive seismic data gathered
in the field. They found that the elastic constants and attenuation constant in man-made polycrystalline
isotropic ice cores decreased (reversibly) with increasing temperature. They also determined that P-wave
velocity and attenuation proved the most sensitive to temperature, indicating pre-melting of the ice.
In the work presented here, we held the temperature constant, but note that we could in theory vary
the temperature in the cold room to make similar measurements with the laser system.

5. Conclusions

Laser-based ultrasound provides a non-destructive tool that may compliment studies of the physical
properties of ice cores. We utilize a non-contacting laser-ultrasound measurement system integrated
with a climate-controlled cold room and computer-controlled mechanical stage. We demonstrate that
this laser-based ultrasound acquisition system works with both ice and firn cores. Initial measurements
indicate contrasts in elastic properties within two Antarctic cores. The velocity variations we observe
in both cores cannot be due to small variations in the core diameter. Thus these observations are taken
to indicate actual elastic property variations in the cores on the scale of millimeters.

Extraction of seasonal signals from ice core 2MBIA09-13, which has dipping layers, is complicated
because the stress-strain history is not just increasing overburden pressure. While we cannot directly
relate observed velocity variations to known seasonal markers, we do observe variations in wave
velocity on the same length scales as other physical properties (e.g., chemistry [45]). We also observe
an increasing velocity with depth, perhaps related to the overburden stress history and densification
during burial of the core. Chemical evidence of the transition of an annual layer in firn core
ITASE-01-3B, with flat horizontal stratigraphy, also correlates with ultrasound velocity variations
in term of spatial wavelength. Finally, we observe velocity anisotropy in the Rayleigh wave due to
known dipping layers in the 2MBIA09-13 core and demonstrate that linear ultrasound scans can be
aided by rotational scans around the axis of the core to determine fast and slow directions when the
sample is anisotropic.

We propose that this system can eventually be used to create high-resolution maps of ultrasound
velocities and (an)elastic moduli (if the density is known) through imaging methods like tomography.
Furthermore, these measurements are achieved without disturbing the integrity of the sample, such
that complementary dating methods and stratigraphic analysis can be performed on the same core.
In the future, rotational scans at multiple depths will, in principle, allow us to image the full 3D elastic
structure of ice cores at very high resolution. With density estimates from other techniques, we should
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be able to directly estimate the isotropic elastic moduli using ultrasonic waveforms recorded with this
new laser-based method.
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